The benefit of integrating product design decisions and supply chain design decisions has been noticed by researchers. This integration can provide better communication between design teams and operations groups. Accordingly, potential supply chain risks can be highlighted before the launch of a new product. Modularization is one of the most critical product design and supply chain design decisions because it will determine the assembly sequence and potential suppliers of the product in the supply chain execution. However, the impact of modularity level on supply chain performance is still unclear. The objective of this study is to tackle this issue. The proposed method covers product design functions and supply chain design functions, hence the product design decisions and supply chain design decisions can be considered simultaneously. The supply chain performance of all design concepts is comprehensively investigated so as to analyze the impact of modularity on supply chain performance regarding lead-time and cost. The results show that increased modularity is advantageous for the time-based performance of supply chain network whereas decreased modularity demonstrates superiority on cost performance.
INTRODUCTION
A supply chain consists of all parties involved, directly or indirectly, in fulfilling a customer request. The players in a supply chain include not only the manufacturer and suppliers, but also transporters, warehousers, retailers, and customers themselves [4] . Supplier selection is a critical part of supply chain management. Companies not only need to decide whether to "make" or "buy", but they also need to be able to differentiate among potential suppliers in order to improve supply chain performance.
Product development is an innovative process that transforms potential market opportunities into products according to product and process technologies [1] . Product design is an iterative and complex process, which includes defining, conceptualizing, and eventually commercializing a product into a new or existing market. Around 70% of product cost [2] and 80% of product quality [3] are decided during the design stage. According to a survey in 2004 [16] , 60% of new products failed to launch, however. Researchers have pointed out that a lack of coordination between a product and its supply chain is one of the key reasons for this failure [16] [17] .
Product and supply chain design decisions should be integrated into the product design phase due to the interdependent implications of product structure and the associated supply chain. However, most of the research on design and management of supply chain emphasizes production and distribution, while limited efforts integrated product design and supply chain design decisions at the product design stage but starting at the detail design stage [10] [11] [12] .
Modular product architecture is advantageous to the efficiency of enterprise performance as it relates to design, production, operations, and logistics [5] [6] [7] [8] . However, the way in which the different levels of modularity influence supply chain performance has not yet been studied. This present research attempts to: 1) compare levels of modularity on the supply chain performance of a set of design concepts, and 2) uncover supply chain related information early at conceptual design stage so that the enterprise has higher flexibility and a longer time to prepare and respond to downstream potential impacts. As a result, the supply chain performance can be improved.
LITERATURE REVIEW 2.1 Product Architecture
Product architecture is the schema of physical building blocks in a product and the ways in which they interact [9] . The product architecture has broad implications on engineering design, process design, systems engineering, marketing, and organizational science perspectives [8] [9] . Product architecture serves as the kernel that connects the customer and the enterprise; it impacts process and portfolio design and directs the change, variety, performance, and manufacturability of the product [5] [6] [7] [8] [9] . During the last two decades, traditionally standard, uniform customer requirements became divergent and variant. This trend necessitated the demand for mass customization. The goal of mass customization is to produce customized goods at mass production efficiency by means of providing outstanding service to meet customers' needs at low costs. Many studies have developed design for variety [6] and product platform methodologies [5] [6] based on modular architecture due to its superiority in reducing design efforts. In addition, production processes can be simplified by assembling common components in the front-end processes, and delaying the assembly of variant components, which represent variety for customization, to the back-end (a.k.a., postponement). Postponement and differentiation can be achieved with an affordable cost. Table 1 summarizes the advantages and drawbacks of modular architecture. As per the reasons above, this study further investigates the impact of modularity level on the supply chain performance. al. [11] and Lamothe et al. [12] , integrated product and supply chain design decisions based on a Bill of Materials (BOM). The research scope of these studies starts from the detail design phase of product design, when the design concepts have already been generated, and the specifications for a product have been determined. Hence, decisions flowing from these methods have only limited impact. Furthermore, nearly two decades ago, Lee and Billington [13] pointed out that most companies use decentralized control in managing their supply chain, and the methods [10] [11] [12] fail to provide any scenario analysis for various supply chain conditions and purposes (i.e., centralized vs. decentralized control). A scenario analysis can give decision makers insightful information that might not otherwise be obvious. If an analysis is provided at the product design stage, company management will have a longer time horizon to respond and solve potential issues related to supply chain execution.
Modularity Design Methods
The purpose of modular product design method is to effectively group components into a set of sub-systems according to functions, process, technology or intention of designers. Gershenson et al. [20] classified modular product design methods into four main categories: checklist methods, design rules, matrix manipulations, and step-by-step measure and redesign methods. Among them, matrix manipulations, and stepby-step measure and re-design methods are prevalent. The Decomposition Approach (DA) [15] is a matrix-based methodology that clusters components as modules, maintaining maximum similarity among the functional interactions within a module. Stone et al. [25] developed a step-by-step heuristic method to identify modules based on functional models of products. Modules are identified in terms of dominant flow, branching flow and conversion-transmission flow. The modular product design methods are then extended to modular product family design [22, 24, 26] , which considers both common and variant modules within a family of products.
Methodology

Overview
Product design starts with interpreting customer needs and transforming them into functional requirements. These functional requirements are then defined and decomposed into the most basic sub-functions to form an Energy-Material-Signal (EMS) functional model. After that, a repository synthesizes potential components of all sub-functions and provides multiple options for the conceptual design. These concepts are evaluated using a set of Design for Assembly criteria [14] . Finally, these concepts are modularized using the Decomposition Method. Two matrices are developed under this approach: an interaction matrix and a suitability matrix. The selected modules are identified after seven steps; these are: triangularization, rearrangement, combination, deletion, duplication, classification, and termination [15] . Possible assembly sequences are also analyzed. Our model is tested on a bicycle manufacturing case study for which further information is revealed in section 4.
Construction of Centralized Supply Chain Model
After the possible assembly sequences are analyzed, supply chain information of these design concepts such as suppliers, processes, transportation methods, inventory levels, costs, and lead-times are collected and formulated into a mixed integer programming model. Below is brief description of the MIP model. 
Index Sets
Parameters
T sp : Entity value of transition matrix C pi : Unit cost of component supplier i in process p C pj : Unit cost of sub-assembly supplier j in process p C pk : Unit cost of final assembly k in process p L pi : Time of a component staying at supplier i in process p L pj : Time of a module staying at supplier j in process p L pk : Time of a product staying at final assembly supplier k in process p LEAD : Total lead-time of the supply chain TRANCX i X j : Transportation cost between component supplier i and sub-assembly supplier j TRANCX j X k : Transportation cost between sub-assembly supplier j and final assembly location k TRANTX i X j : Transportation time between component supplier i and sub-assembly supplier j TRANTX j X k : Transportation time between sub-assembly supplier j and final assembly location k L_MAX: The longest acceptable lead-time of supply chain that is provided by the decision maker. L_MIN: The shortest acceptable lead-time of supply chain that is provided by the decision maker. C_MAX: The highest acceptable cost of product that is provided by the decision maker.
α: The percentage of component cost that will be viewed as inventory cost β: The percentage of transportation cost that will be viewed as inventory cost
Objective Function
Min { Process costs (C 1 ) + Transportation cost (C 2 ) + Inventory cost (C 3 ) } (1) All cost items are expressed mathematically in equations (2), (3), and (4) below. 1). Process cost summarizes the process cost of selected supplier i, j, k in the process p.
2). Transportation cost is the expense between the upstream (Input state) suppliers and downstream suppliers (Output state) for all processes.
3) Inventory cost includes the front-end inventory of selected suppliers due to the lead-time and other issues (e.g., order processing time). Two inventory types are considered: component inventory at module suppliers, and module inventory at the final assembly supplier. After interviewing several engineers from a bike company, we ascertained that the inventory cost has a positive relationship with the component and the transportation costs (i.e., when the component has a higher cost, the inventory cost is greater). Accordingly, since the transportation expense is considerable, a company will increase the inventory level to reduce the transportation frequency. Hence, the inventory cost is modeled as a percentage of the component cost (α), and a percentage of the transportation cost (β).
Constraints 1) For the assembly process, some processes and states are mutually exclusive. In the same manner, the supporting subassembly process of process 1 and 2 will differ. In the sample, sub-assembly process 3 and 6 will support final assembly process 1. Accordingly, final assembly process 2 is supported by sub-assembly process 4 and 5. To avoid the incoherent sequences equation (5) 2) The number of parts will decrease during assembly processes. Therefore, the summary of the entity value will be smaller than 0 in every process. The equation (6) is the mathematical formulation to ensure this.
3) Each process is assigned to only one supplier that is capable of process p. The supplier that provides the process will be marked as 1, otherwise 0. Equations (7-9) denote this property.
4) The lead-time here refers to the total time required to manufacture a bike including: component manufacturing, module assembly, final assembly, transportation, work-inprocess wait times, etc. The maximum lead-time is the maximum value that exists across all possible suppliers. Leadtime serves as a measure of agility of the supply chain network. The pseudo code expression is provided below. The mathematical formulation is as provided in equation (10)
Equations (11) and (12) serve as constraints. When there is a tradeoff between cost and time, decision maker can regulate the acceptable total lead-time range to find the corresponding total cost.
5) The cost constraint of the supply chain can be expressed as provided below. Equation (13) comes from the assumption that the process cost has a positive relation with customer satisfaction. The decision maker might want to maintain a minimum level of customer satisfaction when budget allows.
6) All variables in equation (14) 
CASE STUDY
X-bike is the bicycle company analyzed in this case study. It is located in central Pennsylvania, and it is currently a high-end product leader. However, the size of the high-end market is small, and management has decided to extend the company's strength to the mid-market products. The purpose of this research is to create a relatively low-end road bicycle with a price range of $400 to $1,000 USD and a production quantity of 10,000 per month. Company managers would like to have an acceptable lead-time interval to allow response to market dynamics. The lead-time target is 130 days, beginning with component manufacturing and ending with completion of the final assembly process. The current supplier network contains module suppliers and components worldwide. X-bike is considering whether to outsource or manufacture these modules and components. The mission of the design team is to develop one or more design concepts that satisfy both product design and supply chain considerations regarding cost and time. In the meantime, a scenario analysis for different levels of modularity is considered.
Product Design
The bicycle architecture contains the structure, braking system, transmission system, and wheel system. The structure is composed of three sub-systems: fork, frame, and saddle. The braking system, as its name implies, is responsible for decelerating the bicycle speed. Another important sub-system is the transmission system, which defines the functions and usages of the bicycle. The wheel system enables the bicycle to move by creating friction with the ground. In this case study, the possible components of the bicycle are as follows: (A) saddle, (B) frame, (C) fork, (D) brake, (E) wheels, and (F) transmission systems. Product design function starts with EMS (Energy-MaterialSignal) model. Figure 1 shows the EMS model, which starts with the human body climbing on the saddle. This action contains "import" and "assemble". The saddle provides "position" and "support" functions. The frame "stabilizes" the human body and the fork "orients" the direction based on the visual signal. The transmission system "converts" human energy into rotational energy, and then the rotational energy is converted to mechanical energy on the wheel to move forward.
The braking system is "actuated" by a visual signal and the "converted" human energy to mechanical energy which slows down the bicycle when needed. As illustrated in the left of Figure 2 , the design repository generates feasible design concepts after the input of the EMS model. For this case study, the design repository generates 2 6 = 64 combinations. These concepts are further modularized as shown on the right side of Figure 2 . After modularization, two dominant product architectures are chosen; two-module (module ABC and DEF) and three-module (module AB, CD, and EF) architectures as shown in Figure 3 and Figure 4 , respectively. 
Comparison of Supply Chain Scenarios
To investigate the differences between two-module product architectures and three-module product architectures, the supply chain performances of 64 design concepts were studied through executing the mathematical model in LINGO 9.0 as shown in Table 2 . Under minimized cost conditions, a two-module product architecture has both cost (1%) and time (12%) advantages on average. However, the three-module product architecture performs better in terms of total lead-time (1%) under minimized lead-time conditions. In Figure 5 (a), the cost range of a three-module product architecture is smaller than the range for a two-module architecture under cost minimization conditions. This is the same as the value of the standard deviation in Table 2 . The difference of lead-time range in Figure 5 (b) is not obvious. In a lead-time minimization situation, the cost range of a threemodule product architecture is almost the same as that of a twomodule architecture as shown in Figure 6 (a), but the lead-time range of three-module product architectures seems smaller as shown in Figure 6 (b). For the same design concept (dot), threemodule product architecture appears to have better lead-time performance than two-module architecture. The time advantage of three-module product architecture is obvious for this case study. To investigate the statistical significance of the results the bootstrap technique is used. Normally, this technique generates a new, large-scale population randomly from the same data source, which might increase the probability of getting at least one significant result purely by chance. To solve that issue, this study applies the Bonferroni correction [18] , which divides significance level α by n to obtain a more conservative number. As a result, the noise can be eliminated. Further, this experiment only performs a one-sided test, so we need to divide the corrected number by two to get α/2n as the new significance level. We test the differences at a significance level of α=0.05, n=4 and sample size N=1000. The bootstrap results in Table 3 show that the two-module product architecture has cost advantages in both types of supply chain networks under minimized cost condition. The three-module product architecture is superior at time performance under the minimized lead-time condition. Company managers can make decisions on whether they should apply a two-module or a three-module architecture according to cost and time constraints and objectives.
The results exhibit the benefit of Design for Supply Chain (DfSC) at the product design stage and show how the different product architectures shape various supply chain networks, in particular the level of modularity. Figure 7 depicts the efficient product and supply chain network configurations in light of DfA value, cost and time performance. Therefore, enterprise can select design concepts in the circled area to achieve the better product as well as supply chain performance. 
CONCLUSION
In this paper, a methodology that connects and harmonizes product design and supply chain design decisions is presented. The proposed approach investigated the supply chain performance regarding cost and detected inefficiencies in supply chain execution at the conceptual design stage. Different levels of modularity are analyzed for insight that could aid decision making related to supply chain execution. By incorporating supply chain considerations, this method effectively allowed a clearer view of the influences of the manufacturing process, transportation costs and the lead-time. During supply chain execution, minor rearrangement of a current supply chain network based on product characteristics can markedly improve system performance. Enterprises can benchmark and enhance supply chain efficiency by simply remodularizing the current product architecture. In addition, the proposed method can also provide a comprehensive analysis function. Under the analysis of modularity, enterprises and suppliers can better understand the impact of different levels of modularity and determine which product architecture to apply as market situations vary. Hence, agility of the supply chain is improved. While other studies focus on later aspects of the design stage, this innovative method explores the supply chain during early design stages. This method establishes the potential competitiveness of enterprises leading to a win-win situation for both the focal company and its cooperative suppliers.
